IMPORTANCE Nearly every US acute care hospital reports publicly on adherence to recommended processes of care for patients hospitalized with pneumonia. However, it remains uncertain how much performance of these process measures has improved over time or whether performance is associated with superior patient outcomes.
O ver the past 2 decades, national efforts to improve the quality of care for pneumonia have focused on processes of care. [1] [2] [3] 4, 5 Working in conjunction with the CMS, the Joint Commission (TJC) uses performance on the same process measures in its national hospital accreditation program. 6 Performance data for individual hospitals are publicly reported on the CMS Hospital Compare and TJC Quality Check websites and are used in CMS hospital pay-for-performance programs. 7, 8 Although prior studies documented improvements in the performance of pneumonia processes of care over time, [9] [10] [11] [12] these investigations were performed using data from 1998 to 2005, before the full impact of the IQR program could be adequately assessed. During that period, performance rates remained lower than 90% for all pneumonia process measures. Two studies 13, 14 using data from 1987 to 2009 demonstrated that severity-adjusted, short-term mortality following pneumonia decreased, but neither assessed the influence of processes of care on patient outcomes. Some observational studies [15] [16] [17] [18] [19] [20] [21] [22] have demonstrated associations between performance of blood cultures, rapid initiation and appropriate selection of antibiotic therapy, and pneumococcal and influenza vaccinations and decreased short-term mortality for patients hospitalized for pneumonia, but not all studies have demonstrated consistent results. [23] [24] [25] Few recent studies have evaluated the associations between processes of care and 30-day readmission, an outcome systematically tracked by CMS.
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To better understand the longitudinal impact of the ongoing CMS and TJC quality improvement initiatives for pneumonia, we examined (1) national trends in the performance of processes of care and patient outcomes and (2) the associations between processes of care and patient outcomes in a national cohort of elderly patients hospitalized for pneumonia.
Methods

Study Design
We performed a retrospective cohort study of cases of pneumonia requiring hospitalization submitted to the national Quality Improvement Organization (QIO) Clinical Data Warehouse (CDW) by hospitals participating in the IQR Program.
4 This warehouse stores patient-level process of care data for quality improvement and public reporting purposes and undergoes random validation audits by an independent CMS contractor. 
Patient Selection
We included fee-for-service (FFS) Medicare patients 65 years or older who were hospitalized for pneumonia from January 1, 2006, through December 31, 2010. From an initial population of all adult (≥18 years) cases of pneumonia in the CDW, we sequentially excluded patients who were (1) ineligible for all 7 pneumonia processes of care, (2) younger than 65 years, and (3) for whom specified 30-day outcomes could not be assessed owing to missing or unverifiable health insurance claims. Cases of pneumonia were identified using established ICD-9-CM diagnosis codes and were verified radiographically by medical record reviews conducted by hospital personnel using uniform IQR Program specifications. 15, 16, 28 All cases had an ICD-9-CM principal diagnosis code for pneumonia or a principal diagnosis code for septicemia or respiratory failure accompanied by another diagnosis code for pneumonia (eTable 1 in the Supplement). Patients without abnormal radiographic findings during hospitalization were excluded beginning July 2006. For all study years, patients with cystic fibrosis, hospital stays exceeding 120 days, or participation in clinical trials were excluded.
Patient and Hospital Characteristics
We abstracted patient and hospital characteristics using data from the US Census Bureau, the American Hospital Association, the CDW, and other CMS databases. We identified patient demographics (age and sex), admission characteristics (emergency department presentation and admission or transfer to an intensive care unit [ICU] within 24 hours of hospital admission), and 29 comorbid conditions defined by Elixhauser et al. 29 To account for the possibility of differential treatment by race and/or ethnicity, we defined a combined variable (white, non-Hispanic; black, non-Hispanic; Hispanic; and other or unknown race/ethnicity) using medical chart-abstracted data captured for the CDW. We defined poverty status and educational attainment based on patients' zip codes using US Census Bureau data and definitions. 30 We identified patients with health care-associated pneumonia (HCAP) through medical record review defined by the presence of at least 1 of the following criteria: acute care hospitalization within 90 days; residence in a nursing home or extended care facility within 90 days; chronic dialysis within 30 days; or wound, tracheostomy, or ventilator care within 30 days of admission. We assessed hospital characteristics, including urban vs rural location, geographic region, teaching status, bed size, and annual volumes of all Medicare FFS inpatient claims and pneumonia cases submitted to the CDW.
Processes of Care
We studied the 7 processes of care recommended by CMS for calendar years 2006 through 2010 for patients hospitalized for time to initiate antibiotic therapy, we used CMS process measure definitions in place at the time of patient hospitalization to assess annual performance rates for all measures. For time to initiate antibiotic therapy, we retroactively applied a 6-hour time limit from hospital arrival to administration of the first dose (2010 CMS measure definition 28 ) to the entire study period in place of the previously used 8-and 4-hour thresholds. In addition to assessing appropriate antibiotic selection among all inpatients consistent with the official CMS process measure, we also assessed antibiotic selection separately in patients admitted or not admitted to an ICU within 24 hours of hospitalization. Consistent with CMS eligibility criteria, we excluded patients who died during hospitalization from the preventive health care process measures (smoking cessation counseling and pneumococcal and influenza vaccinations). We also created a composite all-or-none measure of performing all processes of care using established methods.
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Patient Outcomes
Our primary outcomes were all-cause mortality within 30 days of admission and all-cause readmission within 30 days of discharge. We analyzed outcomes for all inpatients and separately for ICU and non-ICU inpatients.
Statistical Analyses
We used the Cochran-Armitage χ 2 test for trend and linear regression analyses to evaluate time trends for patient and hospital characteristics and for unadjusted medical outcomes. We used multivariable logistic regression to calculate adjusted annual medical outcomes and multivariable linear regression to estimate adjusted time trends (ie, slopes in percentage points per year) in performance of processes of care and medical outcomes. We used similar multivariable models to assess the independent associations between all individual processes of care and the 2 study outcomes for each year and for the entire 5-year study period. All multivariable models included all patient and hospital characteristics, described herein. We did not assess associations between the all-or-none measure and our study outcomes because variations in patient eligibility criteria for the individual measures and exclusion of patient deaths from the preventive measures could potentially bias the quantification of these associations.
We performed all statistical analyses using SAS software (version 9.2; SAS Institute Inc) and Elixhauser comorbidity software. 32 We used 2-sided statistical tests and a P< .01 to define statistical significance.
Results
Patient and Hospital Characteristics
From a national sample of 5 412 117 adult pneumonia cases, we analyzed 1 818 979 cases in hospitalized, elderly, Medicare FFS patients (eFigure in the Supplement). Overall, 1 477 248 of the eligible cases (81.2%) represented unique patients. Compared with our study population, elderly patients with pneumonia excluded because of inadequate data to assess 30-day outcomes were similar in age, sex, and poverty status and had nearly identical in-hospital mortality (data not shown).
Patients represented by all cases had a mean (SD) age of 79.7 (8.2) years, 54.0% were female, and 83.6% were nonHispanic white ( Table 1) . In time-trend analyses, larger proportions of cases met criteria for HCAP (35.3% to 41.3%; P < .001) and were admitted to an ICU (12.1% to 14.4%; P < .001). The average number of comorbid conditions per case also increased from 3.4 to 3.9 (P < .001).
Cases in the study sample were reported from 4740 unique hospitals, of which 54.9% were urban, 66.9% were located in the South or Midwest, and 72.8% were small to medium in bed size and nonteaching. At the annual per-hospital level, the median volume of pneumonia cases ranged from 193 to 203. No hospital characteristics varied significantly over time (data not shown).
Processes of Care Over Time
Adjusted annual performance rates for all 7 CMS processes of care (expressed in percentage points per year) increased significantly (P < .001) from 2006 to 2010, ranging from 1.02 for antibiotic initiation within 6 hours to 5.30 for influenza vaccination ( Table 2) . With the exception of appropriate antibiotic therapy among the subgroup of ICU patients (performance rate, 76.5%), all measures were performed in more than 92% of eligible cases in 2010. The all-or-none composite demonstrated the largest adjusted relative increase over time (6.87 percentage points per year; P < .001) and was achieved in 87.4% of cases in 2010 (Table 2 and Figure) . The characteristics of patients who received or did not receive all processes of care are shown in eTable 3 in the Supplement.
Outcomes Over Time
In all cases, 30-day mortality was 10.4% (range, 9.2%-11.4% per year) and readmission within 30 days was 20.4% (range, 19.5%-20.7% per year) ( Table 3) . Annual mortality for the ICU subgroup was more than 2-fold higher than for the non-ICU subgroup (range, 19.9%-25.6% vs 7.6%-9.2%), and readmission rates were 5.4 to 6.2 percentage points higher in the ICU subgroup across all study years (range, 25.0%-26.2% vs 18.8%-20.0%).
Adjusted annual mortality decreased significantly (P < .001) by 0.09 percentage points per year from 2006 to 2010 (Table 3 and Figure) , driven primarily by a decreasing adjusted annual mortality of 0.18 percentage points per year (P < .001) in the non-ICU subgroup. In contrast, the ICU subgroup had an increasing adjusted annual mortality (0.42 percentage points per year; P < .001). Adjusted annual readmission rates decreased significantly by 0.25 percentage points per year for all cases (P < .001), with similar decreases in the ICU and non-ICU subgroups.
Associations Between Processes and Outcomes
Among all patients eligible for a given process of care over the 5-year study, unadjusted 30-day mortality was significantly lower (P < .001) for those who received (vs did not receive) appropriate antibiotic therapy (5.7% vs 10.4%), blood cultures in the emergency department (12.3% vs 13.0%), smoking cessation counseling (3.9% vs 6.4%), and pneumococcal (4.8% vs 6.4%) and influenza vaccination (5.0% vs 6.7%) ( Table 4) . In multivariable analyses, all processes of care were independently associated with reduced 30-day mortality; reductions were greatest for appropriate Unadjusted 30-day readmission rates were significantly lower (P < .001) for those who received antibiotic therapy within 6 hours (19.0% vs 20.5%), appropriate antibiotic therapy (14.5% vs 17.8%), smoking cessation counseling (21.3% vs 24.2%), and influenza vaccination (20.6% vs 21.7%). In multivariable analyses, these 4 process measures and blood cultures performed in Abbreviations: ED, emergency department; FFS, fee-for-service; ICU, intensive care unit; IQR, interquartile range. a The number represents the annual and total number of cases of pneumonia in hospitalized elderly (Ն 65 years) FFS Medicare patients. Comparisons of patient characteristics over time were calculated using the Cochran-Armitage χ 2 test for trend for categorical variables and linear regression analyses for continuous variables. All comparisons for a time trend were statistically significant at P < .001, with the exception of patient sex (P = .14), poverty status (P = .13), and congestive heart failure (P = .69). b Other race/ethnicity consisted of patients whose race was reported as Asian, Pacific Islander, Native American, or Alaskan Native, and patients with unreported race or ethnicity. c Poverty status represents the proportion of people in a patient's neighborhood of residence living below poverty level and educational attainment represents the proportion with at least some college experience. Both characteristics were calculated based on zip codes of residence using data from the US Census Bureau. d Health care-associated pneumonia was defined by the presence of at least 1 of the following criteria: acute care hospitalization within 90 days; residence in a nursing home or extended care facility within 90 days; chronic dialysis within 30 days; or wound, tracheostomy, or ventilator care within 30 days of admission. e Selected comorbid conditions in the Elixhauser Comorbidity Index that were assessed using International Classification of Diseases, Ninth Revision, Clinical Modification codes.
Discussion
In this 5-year study of more than 1.8 million cases of pneumonia in elderly patients treated in US hospitals, we demonstrated substantial improvements in health care quality based on both processes and outcomes of care. From 2006 to 2010, performance rates increased for all 7 CMS pneumonia processes of care, with the most recent rates exceeding 92% for all measures. All pneumonia processes of care were independently associated with lower mortality, and 5 were independently associated with lower readmission rates. Over the same time frame, we observed small, albeit statistically significant, reductions in 30-day mortality and readmission despite evidence that comorbidity, prevalence of HCAP, and requirement for ICU admission increased over time. Consistent with findings of prior work, we found improvements over time in performance of all inpatient processes of care for pneumonia.
9,11, 12 Our more contemporary analyses demonstrate higher levels of performance (93% to 97% in 2010) for all CMS processes of care. Achievement of universally high performance levels for these process measures over the past 2 decades is likely due to multiple factors, including the National Pneumonia Project launched by the CMS in 1999, the near-universal tracking and public reporting of hospital per- Rates (in percentages) of the unadjusted point estimates for the all-or-none composite measure of processes of care, and adjusted 30-day mortality and readmission for each year of the study. Also shown are slopes (in percentage points per year) representing the temporal trends for all 3 of these measures, adjusted for patient and hospital characteristics. Slopes and corresponding P values were estimated using multivariable linear regression. c Slopes representing the change in performance rates of processes of care per year were calculated using multivariable linear regression adjusting for patient and hospital characteristics and are reported in percentage points per year. All slopes were statistically significant at P < .001. d ICU patients are individuals who were admitted or transferred to the ICU within 24 hours of hospital admission. Non-ICU patients are all other individuals not meeting these criteria. e The all-or-none composite measure is met for patients who receive all processes of care for which they were eligible.
4,33
In parallel with improvements in processes of care, we found a small yet statistically significant decrease in severityadjusted pneumonia mortality over time. Our estimated reduction in adjusted mortality of 0.09 percentage points per year (2006-2010) is consistent with the similarly adjusted 0.07 annual percentage point reduction (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) reported in a recent national study of all adults hospitalized for pneumonia. 13 Consistent with prior studies examining temporal trends in pneumonia mortality, we adjusted for an increasing burden of comorbid illness 14, 34 ; however, we also adjusted for increasing rates of HCAP and ICU admission over time. Finally, we demonstrated that the declining overall mortality for pneumonia in elderly patients is largely due to improved survival in patients who are treated in a non-ICU setting.
In our assessments of process-outcomes associations, we found that all 7 CMS pneumonia processes of care were independently associated with relative reductions in the odds of death within 30 days of admission of 5% or more and the magnitude of these associations was consistent over time. Antibiotic timing and selection, blood cultures performed in the emergency department, smoking cessation counseling, and influenza vaccination were also independently associated with a lower likelihood of hospital readmission. Since 30-day mortality and readmission are performance metrics guiding future, value-based CMS reimbursements to hospitals for conditions including pneumonia, it is essential for clinician, hospital, and payer stakeholders to understand how performance of individual processes of care is associated with these medical outcomes. 33, 35 In our study, the adjusted odds of 30-day mortality for patients who received appropriate antibiotic therapy were reduced by 21%, with larger relative reductions in the non-ICU than in the ICU setting (25% vs 15%). The magnitude of these associations is consistent with findings from 2 older studies, 17, 18 demonstrating that antibiotic therapy providing coverage for typical and atypical bacterial pathogens was associated with relative mortality reductions of 26% to 76%. More recent metaanalyses focusing on the role of macrolides in ICU and non-ICU settings have also demonstrated the importance of guideline-concordant antibiotic therapy in patients hospitalized for b Adjusted medical outcomes were calculated using multivariable logistic regression, adjusting for patient and hospital characteristics. The number represents the number of annual pneumonia cases assessed for each medical outcome. c Slopes representing the change in unadjusted outcomes per year were calculated using univariable linear regression analyses. For adjusted outcomes, slopes were calculated using multivariable linear regression adjusting for patient and hospital characteristics. All slopes are reported in percentage points per year. P values comparing unadjusted medical outcomes over time were calculated using the Cochran-Armitage test for trend. All comparisons of unadjusted outcomes were statistically significant at P < .001, with the exception of 30-day readmission for ICU patients (P = .48). All comparisons of adjusted outcomes were statistically significant at P < .001. d ICU patients are individuals who were admitted or transferred to the ICU within 24 hours of hospital admission. Non-ICU patients are all other individuals not meeting these criteria. e Patients who died in the hospital or who were transferred to another hospital within 1 day of admission were excluded from assessment of readmission.
tients raised concerns that systematic biases, such as frailty bias, could be driving associations with reduced mortality in observational studies such as ours. Unexpectedly, we found large reductions in mortality and readmission rates associated with smoking cessation counseling, a potentially important finding given that an estimated 9% of elderly individuals in the United States smoked in 2010. 41 Although it is not clear what proportion of counseled smokers actually stopped smoking, prior studies of patients hospitalized for acute myocardial infarction also demonstrated improved 30-day survival for counseled patients. [42] [43] [44] The mechanisms underlying this mortality benefit are unclear but may stem from reductions in actual smoking behavior, as inpatient smokingcessation interventions during admission for acute medical conditions substantially increase short-term smoking cessation rates. 45 Alternatively, this association could reflect the effects of unaddressed confounding by factors contributing to a decreased likelihood of counseling and worse health outcomes, such as a history of poor compliance with medical therapies, psychiatric illness, or frailty. Our findings have important implications for the future direction of national pneumonia quality improvement programs. First, systematically tracking and publicly reporting performance rates for processes of care and using these data to incentivize facilities to improve health care delivery likely contributed to improved performance rates and should remain a component of such programs.
11 Second, the strong associations between select process measures (eg, appropriate antibiotic selection, and influenza and pneumococcal vaccination) and medical outcomes should prioritize these particular measures for future efforts to improve outcomes of hospitalized patients with pneumonia. Third, with the recent retirement of multiple measures that have reached ceiling performance rates, it will be essential to develop ongoing surveillance methods to ensure that performance does not regress over time. Finally, as process measures are deprioritized after more than 2 decades of focused use, medical outcomes should take b Odds ratios represent the unadjusted odds of mortality or hospital readmission within 30 days for all cases in the 5-year study sample eligible for a given process of care, comparing those who received vs did not receive a given process measure. c Adjusted odds ratios were calculated using multivariable logistic regression, adjusting for patient and hospital characteristics. d ICU patients are individuals who were admitted or transferred to the ICU within 24 hours of hospital admission. Non-ICU patients are all other individuals not meeting these criteria.
46,47
Our study has limitations. First, our focus on Medicare FFS inpatients decreases the generalizability of our findings to younger, nonhospitalized patients and to those with other forms of health insurance. Second, our use of observational data may have resulted in inadequate adjustment for severity of illness, affected our quantification of process-outcomes associations, and limited our ability to make causal inferences between the co-occurring temporal changes and associations in processes and outcomes of care. Third, while the observed modest reductions in adjusted mortality and readmission may have been due to improved rates of performance of processes of care for pneumonia, concurrent unmeasured improvements in clinical practices and/or changes in coding practices of comorbid conditions may have contributed to these observed trends in outcomes. Fourth, it is also possible that the observed processoutcomes associations were affected by frailty bias, which is difficult to circumvent in studies that rely on administrative data. 48, 49 Finally, our nonclustered multivariable analyses did not quantify the magnitude of effect of the site of hospitalization on the observed process-outcomes associations. Thus, it is possible that hospitals where recommended processes of care were performed at the highest rates also had the lowest patient mortality and readmission rates owing to confounding by unmeasured hospital quality of care.
Conclusions
Our study demonstrates that quality of care for elderly patients hospitalized for pneumonia in the United States has improved from 2006 to 2010 with all recommended processes of care performed in over 90% of eligible patients. While selective use of processes of care and ongoing process measure surveillance are warranted, future efforts to improve the quality of care for pneumonia should increasingly rely on patientcentered medical outcomes as quality metrics.
